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Abstract 
Successful large-scale deployment of CCS will require the build-up of commensurate infrastructure to transport CO2 from 
sources – e.g. power plants – to sinks – e.g. mature oil and gas fields. Research so far has mostly dealt with the techno-economic 
assessment of pre-defined CO2 value chains, which are typically country-specific and each connect a limited set of sources to a 
limited set of sinks. By contrast, our paper presents the JRC’s InfraCCS model, a tool that is capable of finding the optimal 
pipeline-based CO2 transmission network for a given set of sources and sinks. The InfraCCS model is herein applied to the case 
of CCS in Europe, in order to estimate the strategic benefits of joint optimisation at pan-European level compared to optimisation 
at the level of individual countries. 
© 2010 Elsevier Ltd. All rights reserved 
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1. Introduction 
Fossil fuels will remain the main source for electricity generation in Europe, at least in the short to medium term, 
despite the significant ongoing efforts to promote renewable energy technologies and energy efficiency. Carbon 
capture and storage (CCS) is considered as one of the most promising technological options for reducing CO2 
emissions from the power generation sector, as well as from other heavy industries, offering a temporary solution to 
the issue of having to use fossil fuels until carbon-free technologies become the main source of electricity in Europe. 
Today, most elements of the CCS chain of technologies (CO2 capture, transport and underground storage) have been 
commercialised, albeit at a scale much smaller than that required by the power generation sector and other energy-
intensive industries. To this end, the European Union (EU) has made the demonstration of CCS technologies a 
priority in the context of the European Strategic Energy Technology Plan (SET-Plan) to enable the cost-competitive 
deployment of CCS technologies as of 2020-2025 and to further develop the technologies to allow for their 
subsequent wide-spread use in all energy-intensive industrial sectors, thus contributing to the decarbonisation of the 
European society by 2050. 
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The large scale deployment of CCS in Europe will require the development of new infrastructure to transport, 
using pipelines and ships, the captured CO2 from its sources (e.g. power plants) to the appropriate CO2 storage sites. 
It is widely accepted though that most of the CO2 will be transported by pipelines in the same manner as oil and 
natural gas. Although the use of suitable ships, similar to those used for Liquefied Natural Gas (LNG) and Liquefied 
Petroleum Gas (LPG), has been proposed as an alternative transport option, this is rather unlikely to be realised on a 
large scale, at least during the early stages of CCS deployment, due to the state of maturity and transport capacity of 
this option. Furthermore, the fact that many possible CO2 sources and sinks will not be directly accessible by ships 
should not be overlooked. In support of this argument it is noted that only one out of the seven archetypal projects 
identified by the zero emission fossil fuel power plant Technology Platform (ZEP ETP) in their proposal for a 
European demonstration programme envisages CO2 transport by ship.  
There are different views on how the CO2 transport infrastructure might evolve in Europe. There has been a 
perception that CCS plants will be built very close to potential storage sites for minimising transport costs. On the 
other hand, proposals for CCS projects that have become public tend to show that their location is dictated by other 
factors, such as safety and public acceptance concerns that may require that CO2 is initially stored offshore; or the 
presence of old power plants that are suitable for retrofitting or refurbishing with CO2 capture technologies. 
Furthermore, the large scale deployment of CO2 capture facilities in Europe, needed to achieve the decarbonisation 
of the European society by 2050, combined with the fact that CO2 storage sites and capacities are not uniformly 
distributed across Europe, will necessitate the construction of an extended pipeline infrastructure, which will span 
across Member State borders when countries do not have adequate CO2 storage potential. 
The evolution of the CO2 transport network in Europe will be dictated by the level of CCS deployment and the 
degree of coordination for its development. The simplest approach for the development of the CO2 transport 
infrastructure would be the construction of numerous pipelines linking individual CO2 sources with sinks, sized to 
meet the transport needs of individual capture facilities. This implies that pipelines will be constructed in the context 
of individual CCS projects and their planning and construction will be synchronous to the development of the CO2 
capture facilities. This approach is however likely to impede the large scale deployment of CCS as it will not permit 
the expansion and sharing of the built infrastructure with other CO2 sources, which in turn will be required to 
develop their own pipelines, resulting in deployment delays due to permitting procedures, and additional costs, since 
pipeline costs do not scale proportionally with transport capacities. Apparently, this situation would be most 
detrimental for CO2 sources that are either of small size or located away from suitable storage sites. Alternatively, 
the development of integrated pipeline networks, planned and constructed initially at regional or national level and 
oversized to meet the transport needs of multiple CO2 sources would take advantage of economies of scale and 
enable the connection of additional CO2 sources with sinks in the course of the pipeline lifetime. Such networks 
would catalyse the large scale deployment CCS technologies by consolidating permitting procedures, reducing the 
cost of connecting CO2 sources with sinks and ensuring that captured CO2 can be stored as soon as the capture 
facility becomes operational. In the longer run, such integrated networks would be expanded and interlinked to reach 
CO2 sources across Europe and distant storage sites, leading to the development of a trans-European network, 
similar to the existing ones for oil and gas. 
This paper explains and illustrates the JRC’s InfraCCS model, a tool to compute the optimal pan-European CO2 
pipeline network and its evolution over time. 
2. Literature review 
Most of the literature about the assessment of the economics of CCS value chains investigates either a single pre-
defined pipeline system from source to sink (e.g., Odenberger et al., 2008), or a choice between a very limited set of 
potential pipelines that connect a small number of sources and sinks (e.g., van den Broek et al., 2009a/b). Svensson 
et al. (2004) address the benefits of coordinated infrastructure, but their analysis is limited to a comparison of 
simplified abstract examples and does not address the full optimisation problem. Kazmierczak et al. (2009) provide 
a CO2 pipeline network optimisation heuristic, but in many cases the heuristic may overlook a centralised backbone 
infrastructure as optimal solution. Our paper builds on the work by Middleton and Bielicki (2009), who developed a 
model for CO2 infrastructure optimisation and applied it to determine the optimal pipeline network for 37 CO2 
sources and 14 CO2 sinks in California. Our paper first improves the computational complexity of their approach –
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through a number of techniques from computational geometry – and extends it by adding a time component with 
five steps and by applying the model to a pan-European scope. 
3. Brief description of the InfraCCS tool 
The aim of the InfraCCS tool is to determine the optimal CO2 transport network in Europe and its evolution over 
time. The term ‘optimal’ is used here to indicate that the methodology aims at determining a network configuration 
that transports predefined volumes of CO2 to suitable storage sites at the lowest possible cost. The methodology 
consists of four steps: 
Step 1 – Identification and clustering of CO2 sources and sinks. Locations and sizes of CO2 sources and sinks are 
obtained from public databases. Since there is a large number of possible CO2 source and sink locations, a 
mathematical clustering algorithm is used to group the source and sink locations into a number of ‘clusters’. Sources 
and sinks are clustered separately. Each cluster centre becomes a ‘node’ in the network, either a ‘source node’ or a 
‘sink node’. Each node is a point on the map of Europe, which however does not refer to a specific CO2 source (e.g. 
an existing power plant) or sink (e.g. an aquifer). 
Step 2 – Assumptions about the evolution of captured CO2 emissions and storage capacities. For each CO2 
source node, an assumption is made regarding the starting date of capture operations, the annual amount of CO2 
captured and its evolution over time. For each sink node, an assumption is made regarding storage capacity, the 
earliest possible starting date of storage operations, the maximum annual injection rate and its evolution over time. 
Step 3 – Routing of potential pipelines between nodes. A large set of possible pipelines between the above-
mentioned nodes is determined. For each possible pipeline, the construction costs are estimated taking into account 
cost differences between onshore, offshore and mountainous areas. Pipelines are restricted to the territory of the 
European Economic Area (EEA). Although the focus of this analysis is the development of a pipeline network, the 
possibility of CO2 transport by ship is foreseen on two long, albeit small capacity, marine routes. 
Step 4 – Selection of the optimal network and evolution over time. A state-of-the-art optimisation engine is used 
to determine the optimal set of pipelines and shipping routes, among the set identified in the previous step. The 
optimisation criterion is the minimisation of the total net present value (NPV) of CO2 transport infrastructure 
investments in Europe, while ensuring that all CO2 capture plants across Europe have access to transport and 
storage. 
The above procedure is embedded in the InfraCCS tool developed by the JRC. The CO2 infrastructure 
optimisation problem in JRC’s InfraCCS model is written as a Mixed Integer Linear Program (MILP) in GAMS, 
which is solved using the GAMS/MIP solver CPLEX. 
4. Illustration of the tool 
To illustrate the functioning of InfraCCS, we apply the tool to the case of pan-European CO2 network 
optimisation in Europe. We make the following assumptions: 
– Data on CO2 sources is taken from EPER, and these sources have been clustered into 53 CO2 source nodes. 
– The amount of CO2 captured at each source node in 2020/2025/2030/2050 has been determined by using the 
Eurelectric Power Choices scenario and distributing the total European captured CO2 over the different nodes 
(note that only CCS in power generation is included). 
– In 2015, the only CO2 sources are assumed to be the projects funded by the European Energy Programme for 
Recovery (EEPR). 
– Data on CO2 sinks is taken from the public report of the EU GeoCapacity project (the conservative set of 
estimates has been chosen) and these sinks have been clustered into 18 aquifer sink nodes and 22 hydrocarbon 
field sink nodes. Given the incomplete disclosure of information in the public EU GeoCapacity report, our 
input data on CO2 sinks is only an approximation. 
– Onshore aquifer storage is not included, except when explicitly foreseen in announced projects. Onshore 
hydrocarbon field storage in only foreseen in regions that would otherwise have difficult access to storage 
(Hungary, Romania, southern France). 
– Pipeline costs are based on a statistical analysis of pipeline cost estimates from the literature. 
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– The optimisation is run with 5 time steps (2015/2020/2025/2030/2050), which are interdependent because it 
may be optimal to e.g. oversize pipelines in anticipation of increasing flows. 
Given the approximations used in the assumptions, the results of the analysis are – at this stage – more an 
illustration of the methodology rather than a finalised infrastructure recommendation. Figure 1 shows the resulting 
network in 2050. 
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Figure 1 Optimal CO2 pipeline network in 2050. 
5. Conclusions 
This paper presents the InfraCCS tool, an optimisation tool for modelling the potential evolution of a trans-
European CO2 transport network to facilitate the large scale deployment of CCS. The key figures of the network 
deployment over time, as computed in the above-mentioned illustration, are summarised in Figure 2. The size of the 
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network grows steadily until 2030, requiring slightly over 10 billion Euros of cumulative investment, and a step-
change towards 2050, leading to a total investment of around 28 billion Euros. This is based on a relatively 
conservative scenario of CCS deployment, as the amount of CO2 captured in 2050 does not meet the ambition for 
the decarbonisation of the European economy by 2050. More optimistic scenarios compatible with the European 
vision for a decarbonised economy by 2050, which will necessitate the capture of almost all CO2 emissions from 
both the power and the industrial sectors would obviously increase significantly the size and cost of the CO2 
transport network. 
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Figure 2 Key characteristics of network deployment over time 
The analysis also highlights the benefits of European coordination if Europe is to achieve the optimal (cost-
minimising) solution for CO2 transport. Figure 3 summarises the number of countries involved in cross-border CO2 
transport, as well as the number of border-crossings. Already by 2025, more than half of the EU countries may be 
involved in cross-border CO2 transport. International coordination is therefore crucial for the development of an 
optimised trans-European CO2 transport network. 
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Figure 3 International aspects of CO2 network deployment 
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